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lation? This is a fascinating question, 
especially given that hundreds of non-
histone proteins are acetylated. More-
over, in the coming decade, researchers 
will probably identify an equal number 
of proteins that are methylated. Will 
opposing modifications on lysines be a 
general theme for regulating these fac-
tors, too? Only time and hard work will 
provide the answer.
RefeRences
Huang, J., and Berger, S.L. (2008). Curr. Opin. 
Genet. Dev. 18, 152–158.
Huang, J., Sengupta, R., Espejo, A.B., Lee, M.G., 
Dorsey, J.A., Richter, M., Opravil, S., Shiekhattar, 
R., Bedford, M.T., Jenuwein, T., and Berger, S.L. 
(2007). Nature 449, 105–108.
Huang, J., Dorsey, J., Chuikov, S., Pérez-Burgos, 
L., Zhang, X., Jenuwein, T., Reinberg, D., and Berg-
er, S.L. (2010). J. Biol. Chem. 285, 9636–9641.
Kruse, J.P., and Gu, W. (2009). Cell 137, 609–622.
Loewer, A., Batchelor, E., Gaglia, G., and Lahav, G. 
(2010). Cell, this issue.
Tang, Y., Zhao, W., Chen, Y., Zhao, Y., and Gu, W. 
(2008). Cell 133, 612–626.
Toledo, F., and Wahl, G.M. (2006). Nat. Rev. Can-
cer 6, 909–923.
Vousden, K.H., and Prives, C. (2009). Cell 137, 
413–431.
Transport vesicles ferry cargo from one 
cellular compartment to another. Coat 
proteins drive the formation of these 
vesicles by polymerizing onto the sur-
face of cellular membranes (Bonifacino 
and Glick, 2004). Because of the cen-
tral role these coats play in intracellular 
trafficking in all eukaryotes, their struc-
tures and their mechanisms of assem-
bly and disassembly have interested 
cell biologists for decades. Interest-
ingly, different coats are implicated in 
budding from different compartments 
(Figure 1A). For instance, endocytic 
vesicles coated with clathrin form at the 
plasma membrane, whereas vesicles 
coated with COPII complexes form at 
exit sites of the endoplasmic reticulum 
(ER). The third archetypal coat is COPI. 
ARF family G proteins recruit COPI 
to the membrane of the Golgi appa-
ratus, which serves as the source of 
COPI-coated vesicles. Detailed mod-
els of clathrin and COPII coats have 
been built by combining X-ray crystal 
structures of coat subcomplexes with 
cryo-electron microscopy (cryo-EM) 
analyses of coat lattices assembled 
in vitro (Fath et al., 2007; Fotin et al., 
2004; Stagg et al., 2006, 2008). In this 
issue of Cell, Lee and Goldberg (2010) 
present X-ray crystal structures of 
COPI components, making it possible 
to begin comparing the architectures 
of all three vesicle coats.
Vesicle coats have two layers: an 
inner “adaptor” layer that interacts with 
cargo and G proteins and an outer layer 
called a “cage.” For clathrin and COPII 
coats, these layers form sequentially, 
with adaptor protein complexes binding 
to the membrane first and then recruit-
ing cage components. In contrast, for 
COPI coats, both layers are recruited 
together as a single complex called 
“coatomer,” which contains seven sub-
units (Hara-Kuge et al., 1994; Waters 
et al., 1991). Four coatomer subunits, 
β, δ, γ, and ζ, resemble the subunits of 
the clathrin adaptor complex. To glean 
new insights into the architectural prin-
ciples of the COPI coat, Lee and Gold-
berg (2010) turned their attention to the 
remaining three subunits, α, β′, and ε, 
which together form the outer cage 
layer.
The vesicle cage imparts geometric 
order to the coat (Figure 1). For exam-
ple, cryo-electron tomography studies 
of clathrin-coated vesicles revealed 
various lattices drawn from the “soccer 
ball” family (Cheng et al., 2007). The 
assembly unit of the clathrin cage is the 
triskelion, with three elongated clathrin 
heavy chains joined at a central hub 
(Figures 1B and 1C). Cryo-EM studies 
of clathrin cages assembled in vitro 
revealed, at subnanometer resolution, 
how leg segments intertwine to form 
each edge of the lattice (Fotin et al., 
2004). The central hub of the triskelion 
resides at a vertex where three lattice 
edges intersect; indeed, the trimeric 
nature of the assembly unit guarantees 
that all the vertices in a clathrin cage 
are formed by the intersection of three 
edges (Figure 1C).
The structure of the COPII cage is 
remarkably different (Fath et al., 2007; 
Stagg et al., 2006, 2008). First, the 
assembly unit is not a triskelion but 
rather a rod-shaped heterotetramer of 
two Sec13 and two Sec31 subunits. 
Each (Sec13/31)
2 assembly unit forms a 
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The assembly of COPI into a cage-like lattice sculpts membrane vesicles that transport cargo 
from the Golgi apparatus. Now, Lee and Goldberg (2010) present X-ray crystal structures of COPI 
suggesting that these coats combine selected features of two other archetypal coats, clathrin and 
COPII.
20 Cell 142, July 9, 2010 ©2010 Elsevier Inc.
single edge of the COPII cage 
(Figure 1C). Second, the ver-
tices of the COPII cage are 
formed by the intersection 
of four edges, not three. As 
a result, the possible geom-
etries for COPII and clathrin 
cages are completely dif-
ferent. The soccer ball lat-
tice, in which all vertices are 
three-way and each face is 
either a pentagon or a hexa-
gon, is unavailable to COPII; 
instead, COPII forms lattices 
with triangular and square, 
pentagonal, and/or hexago-
nal faces.
Lee and Goldberg (2010) 
now provide insight into the 
structure of the COPI cage. 
They began by mapping the 
interactions among the rel-
evant subunits, α-, β′-, and 
ε-COP. First, they gener-
ated soluble αβ′ε-COP com-
plexes by coexpressing the 
full-length versions of the 
subunits from bovine (Bos 
taurus) in insect cells. Then, 
to identify stable core frag-
ments of this complex for 
crystallography, they sub-
jected αβ′ε-COP to limited 
proteolysis. This approach 
led to the identification of 
a subcomplex contain-
ing about 40% of the intact 
αβ′ε-COP complex, including 
the majority of β′-COP and 
a central region of α-COP. 
Although the αβ′-COP sub-
complex from B. taurus 
failed to yield useful crystals, 
the equivalent subcomplex 
from the budding yeast Sac-
charomyces cerevisiae generated high-
quality crystals that diffracted to 2.5 Å 
resolution.
As anticipated by previous sequence 
analysis, αβ′-COP is built of struc-
tural modules called α-solenoids and 
β-propellers (Figure 1B). Although the 
details differ, the structure of the αβ′-
COP subcomplex is strongly reminis-
cent of the Sec13/31 COPII subcomplex 
(Fath et al., 2007); each comprises two 
β-propeller domains at one end, fol-
lowed by an extended α-solenoid (Figure 
1B). However, unlike Sec13/31, the αβ′-
COPI heterodimer is distinctly curved, 
with an overall shape that resembles 
a comma. The most striking feature of 
the X-ray structure presented by Lee 
and Goldberg is that three αβ′-COP 
subcomplexes form a triskelion (Figure 
1B). If the intermolecular interactions 
observed in these crystals are indeed 
physiologically relevant, then it would 
seem that the vertices of the COPI lat-
tice are three-way intersections, similar 
to those of the clathrin lattice, rather 
than four-way intersections 
as found in the COPII lattice 
(Figure 1C). In support of this 
conclusion, a temperature-
sensitive mutation in α-COP 
(sec27-95) (Prinz et al., 2000) 
maps to the three-way inter-
face observed in the crystal 
structure.
It is important to note that 
Lee and Goldberg (2010) 
are not proposing that COPI 
triskelia are stable outside 
the context of the assembled 
cage. Indeed, they find no 
sign of triskelia in solution, 
even at high concentrations 
of αβ′-COP (i.e., 30 mg/ml). 
These results are consistent 
with weak interactions at 
the vertices of the lattice, a 
design feature that may facili-
tate efficient remodeling and 
disassembly of both COPI 
and COPII cages. Nonethe-
less, a major goal of future 
studies must be to discover 
conditions that promote the 
assembly of COPI cages 
in vitro; then the nature of 
the lattice can be examined 
directly.
Another challenge for the 
future will be to complete the 
model of the COPI cage by 
filling in the missing regions 
between the vertices. Clearly, 
the remaining 60% of αβ′ε-
COP must be involved. The 
authors hypothesize that 
N-terminal regions of the 
α subunit, which were not 
included in the αβ′-COP sub-
complex, mediate formation 
of symmetrical (αβ′ε)2 dim-
ers and that these dimers represent the 
assembly unit of the COPI cage. This 
(αβ′ε)2 dimer would be roughly analo-
gous to the symmetrical (Sec13/31)2 
dimer that serves as the assembly unit 
for the COPII cage, but, instead of being 
straight, it would be S shaped.
Taken together, these results suggest 
that the COPI cage combines features 
of both the COPII and clathrin cages. 
As with COPII, the vertices of the COPI 
lattice appear to involve interactions 
among N-terminal β-propeller domains 
figure 1. The Three Archetypal Vesicle coats
(A) Clathrin, COPI, and COPII drive the formation of transport vesicles by po-
lymerizing on cellular membranes. COPII covers vesicles emanating from the 
endoplasmic reticulum, whereas COPI and Clathrin surround vesicles origi-
nating from the Golgi apparatus and plasma membrane, respectively.
(B) The COPI cage shares features with both COPII and clathrin cages. This is 
most clearly seen by examining the structure surrounding each vertex. As with 
COPII, the vertices of the COPI lattice appear to involve interactions among 
N-terminal β-propeller domains with α-solenoids extending outwards (Lee 
and Goldberg 2010).
(C) COPII polymerizes into a polyhedral lattice with triangular and pentagonal 
faces (Stagg et al., 2008). In contrast, COPI is proposed to form clathrin-like 
truncated icosohedra with hexagonal and pentagonal faces (Lee and Gold-
berg, 2010).
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(Figure 1B). On the other hand, by form-
ing three-way vertices rather than four-
way vertices, COPI polymerization is 
expected to generate the soccer-ball 
family of lattices heretofore associated 
exclusively with clathrin; it will be fas-
cinating to see whether this prediction 
is borne out by future studies. In the 
meantime, the results of Lee and Gold-
berg provide an exciting first glimpse 
of the COPI cage and set the stage for 
mechanistic studies of coat assembly 
and disassembly.
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Neurons have a highly polarized mor-
phology with multiple dendrites and a 
single longer axon, enabling them to 
receive, process, and transmit informa-
tion across long distances within the 
nervous system. The steps and mecha-
nisms for neuronal morphogenesis are 
only beginning to be understood in the 
cerebral cortex (Figure 1). An exciting new 
paper by the Ehlers and Polleux groups 
(Yi et al., 2010) suggests that transform-
ing growth factor β (TGF-β) signaling 
via TGF-β receptor TβR2 is required for 
axon formation in vivo. Further, their find-
ings implicate the Par complex in TGF-
β-mediated axon outgrowth.
The model of choice for studying neu-
ronal polarization in the recent decades 
has been cultured hippocampal pyra-
midal neurons. This model system, pio-
neered by Gary Banker, has provided 
numerous important insights and identi-
fied a large number of proteins, includ-
ing the Par complex, that play roles in 
axonogenesis in vitro. After dissociation, 
these neurons must re-establish their 
polarized structure with one axon and 
several dendrites. They start by extend-
ing immature unspecified neurites and 
appear multipolar. One of the neurites 
rapidly outgrows the others, and this 
longest neurite almost always becomes 
the axon. Numerous proteins have been 
shown to selectively accumulate in the 
nascent axon and some play roles in 
axon specification or growth.
Although these in vitro studies have 
provided many hypotheses and candi-
date molecules for axonogenesis, there 
are important differences in vivo (Noctor 
et al., 2004; Polleux and Snider, 2010). In 
culture, the axon can develop from any of 
the immature neurites. Axon choice may 
be influenced by extracellular cues but 
does not require any. In fact, the notion 
that neuronal polarity is intrinsic to the cell 
has dominated the field for many years. By 
contrast, neurons in vivo are born into an 
environment that is prepolarized. Neurons 
polarize with a particular orientation within 
the tissue and migrate with strict direction-
ality, and the axon always extends from 
one side of the cell. However, these early 
steps of axonogenesis are difficult to dis-
tinguish in the mammalian brain, and the 
question of whether (and which) extracel-
lular cues are responsible for polarized 
axon emergence is an open one. Cortical 
neurons could receive polarizing cues from 
their radial glial mother cells either intrac-
ellularly by inheritance or extracellularly 
through contact-mediated signaling, or a 
polarizing cue may reside elsewhere.
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How does a newborn neuron initiate and elaborate an axon? Using cutting-edge approaches, Yi 
et al. (2010) provide striking evidence that TGF-β signaling via the Par polarity complex is required 
for axon formation by neocortical pyramidal neurons.
